Polylactic acid (PLA) is widely used in biological areas due to its excellent compatibility, bioabsorbability, and degradation behavior in human bodies. Pure polylactic acid has difficulty in meeting all the requirements that specific field may demand. Therefore, PLA based nanocomposites are extensively investigated over the past few decades. PLA based nanocomposites include PLA based copolymers in nanometer size and nanocomposites with PLA or PLA copolymers as matrix and nanofillers as annexing agent. The small scale effect and surface effect of nanomaterials help improve the properties of PLA and make PLA based nanocomposites more popular compared with pure PLA materials. This review mainly introduces different kinds of PLA based nanocomposites in recent researches that have great potential to be used in biomedical fields including bone substitute and repair, tissue engineering, and drug delivery system.
Introduction
Biological materials have experienced enormous development in the past 30 years. Even when there was an economic downturn near 2008, the usage of biomaterials maintains an increase of 13% every year, showing strong vitality and wide prospect. Fast development of biomaterials improved living standard of humans to a great extent. In the meantime, biomaterial science, which aims to search for perfect biocompatibility, improved interaction between cells and materials, tailored degradation rate, synthetical materials design, and other particular properties of polymers, metals, and ceramics, has also attracted much attention [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . It is usually these three classes, either single ingredient or in many cases, composite ingredients, that are used as biomaterials [12] [13] [14] [15] .
Different from metal and ceramic, polymer offers an organic matrix and its molecular is easier to control [16, 17] . It is relatively hard to define and conclude the physical and chemical performance of polymers because the properties of different polymers vary extremely. There are generally two categories of polymers, biodegradable and nonbiodegradable polymers. Biodegradable polymer is more environmentally friendly and frequently used for medical devices due to its excellent degradation behavior in human body and the purpose of environment protection. Degradation rate can also be controlled after some modification or by designing the proportion of different polymers in order to meet practical demands [13, 18] . Biodegradable polymers then can be further divided into naturally derived materials and synthetically prepared materials. Among synthetically prepared materials, saturated poly--hydroxyl esters are more commonly used in biomedical field, especially polylactic acid (PLA) [19] . The degradation products of PLA are usually water and carbon dioxide that do not cause any harm; more importantly, they can be cleared out of human body totally, making PLA the most popular biomedical material in the market.
PLA is a kind of linear aliphatic polyester derived from renewable resources such as corn, sugar, potato, and other agricultural products [20] [21] [22] , whose properties are determined by many factors, such as the component isomers, International Journal of Polymer Science preparing temperature, and molecular weight. Generally, there are three kinds of PLA, poly(D-lactic acid) (PDLA), poly(L-lactic acid) (PLLA), and the racemic blend D,L-PLA (PDLLA), based on different microstructures. PLLA and the racemic blend PDLLA are semicrystalline with slightly different glass transition temperatures, while D-PLA (PDLA) is always amorphous [23] . Degree of crystallization as well as the reactivity of polymer is sensitive to the ratio of D to L enantiomers used. Different structures of these three PLA materials decide that each kind of PLA has its applicable field. For example, PDLLA is often used in drug delivery system owing to its monophasic structure, but PLLA is more likely to be used where good mechanical behavior is essential. However, pure PLA materials inevitably present much restriction when put into use, such as brittle behavior, poor osteoinduction, and uncontrolled degradation rate. For a long time, many types of chemicals, such as citrate esters [24] , and some low-molecular-weight plasticizers such as sorbitol and glycerol have been widely used in this area to plasticize PLA. Plasticizers such as glucose monoesters, poly(ethylene glycol) (PEG), and partial fatty acid esters [25] were also tried to improve the impact resistance and the flexibility of PLA, but the biocompatibility of PLA materials is not that easy to improve so that PLA based nanocomposites appear.
PLA based nanocomposites, which include PLA based copolymers in nanometer size and nanocomposites with PLA or PLA copolymers as matrix and nanofillers as annexing agent, have shown great potential in biomedical field [26] . The small scale effect and surface effect nanomaterials have particularly helped improve the properties of PLA and make PLA based nanocomposites more popular compared with pure PLA materials when it comes to synthetic bone substitute and repair, tissue engineering, and drug delivery system. Among all the PLA based copolymers, poly(lacticglycolic acid) (PLGA) has attracted the most public attention and has been approved by FDA for clinical uses. It can be obtained from lactide monomer and polyglycolic acid (PGA) by ring-opening polymerization, which nowadays turns out to be the most efficient way to prepare high-molecular-weight polylactic acid as well as PLA based copolymers. Compared with conventional polycondensation, the polymerization efficiency of ring-opening polymerization can be guaranteed and some intended properties of polymers can also be obtained [27] . Other diversified polymers, such as polyethylene oxide [28] , polyvinyl acetate [29] , and polyethylene glycol [30] , can also be polymerized with PLA for specific applications.
Nanocomposites with PLA or PLA copolymers as matrix significantly help improve PLA's properties and overcome its shortcomings. Several studies have been performed using some fillers such as clay minerals, carbon nanotubes, and graphene and its precursor to obtain nanocomposite materials [31] [32] [33] [34] . Polymer nanocomposites exhibit apparently improved properties when compared with pure polymers or their traditional composites [35] [36] [37] [38] . Pinto et al. [39] discussed the effect of small amounts (0.2 to 1 mass%) of graphene oxide and graphene nanosheets on functional properties of polylactic acid films. Their results showed that yield strength, Young's modulus, and impermeability of resulting nanocomposites were higher than those of pristine PLA. Beside these three nanomaterials, organomontmorillonite and natural nanofibers are also typical annexing agents. Synergy usually exists between different fillers when they are added together into PLA matrix [40] . Fillers mentioned above such as clay minerals, carbon nanotubes, and nanofibers are more frequently used to improve the mechanical properties of PLA materials. In the case of biomaterials, biocompatibility and bioactivity should be paid more attention. In the field of bone substitute and repair, calcium phosphate ceramics such as hydroxyapatite andtricalcium phosphate play important roles owing to their higher biological compatibility. When it comes to tissue engineering, additives such as collagen, graphene oxide, and demineralized bone particle are diffusely investigated in many researches. As for drug delivery system, PLGA nanoparticles attract extensive concern and montmorillonite is also reported to be beneficial in prolonging the drug releasing time (see later in this review).
With the development of manufacturing technology, the shape of PLA based nanocomposites is also tending to be various. Different shapes of foams, meshes, films, fibers, or microspheres are all available. This review will be dedicated to introducing some update research progresses with an eye to the applications of PLA based nanocomposites as biomaterials.
Synthetic Bone Substitute and Repair
Over the past few decades, the incidence of various bone diseases has been increasing and traffic accidents happen more frequently with the development of human's living standard, inducing a growing need for synthetic bone substitute materials or bone repair materials. Bone of human body has a high chance of being damaged or lost in injuries or just due to pathologic changes. Now the reconstruction of bone has been a major focus point in preclinical research and clinical application, giving rise to the development of materials that help to regenerate bone and repair bone defects [41] [42] [43] . Bone defect repair is really common in orthopedic surgeon [44] , where synthetic bone substitutes must be used and implanted in human bodies and it is of great importance to find suitable substitutes.
An ideal and suitable bone substitute should possess outstanding biocompatibility and osteoinductive and osteoconductive properties [45] . In previous studies, bioabsorbable polymer devices with nontoxicity have been widely used in orthopedic surgery including fractures repair and bone replacement. Pins, plates, and screws are those frequently used forms of polymer devices in oral, orthopedic, and craniofacial surgeries [46] [47] [48] [49] . PLA and PLGA are two promising materials which are widely studied and used to prepare porous scaffolds and repair damaged bones [19, 50, 51] . The superior degradation of PLA materials makes no necessity for second operation and prevents implant removal so that the pain of patients can be alleviated. Plus, using PLA materials helps avoid stress block and reduce the risk of operation failure. However, pure PLA materials lack bone-bonding International Journal of Polymer Science force and the regeneration efficacy and degradation behavior of PLA are not as good as PLA based nanocomposites. Schneider et al. [52] [53] [54] successfully prepared a flexible nanocomposite with a cotton wool-like appearance through an electrospinning process. Amorphous tricalcium phosphate nanoparticles (TCP) were added to the biodegradable copolymer PLGA (PLGA/TCP60:40). This characteristic of the material with a typical cotton wool-like shape can be adapted in any bone defect due to its superior moldability. Compared with PLGA-treated defects, the closure behavior of PLGA/TCP-treated defects improved a lot in almost all nine New Zealand white rabbits. Moreover, resorption of graft material four weeks after implantation was also reported later [54] .
Hydroxyapatite (HAp) is one of the calcium phosphate ceramics that have been largely used as artificial bone materials. The similarity to human bone elements and excellent biocompatibility enable hydroxyapatite to be used as suitable implant in many surgical operations [55] [56] [57] . HAp has also been widely added to PLA matrix and HAp-PLLA composites obtained exhibit superior biological performance [58] [59] [60] [61] [62] . Takeoka et al. [63] managed to polymerize L-lactide and glycolide in situ and several PLGA/HAp composites with different ratio of L-lactide and glycolide in porous HAp disks were successfully obtained. Scanning electron microscopy result (Figure 1 ) indicated that porous HAp was completely full of PLGA after polymerization at 100 ∘ C for 9 days while PLLA/HAp composites were found containing continuous open pores. After 5 h cultivation of MC3T3-E1 cells, PLGA20/HAp presented the most adhesion ratio of 38.8±3.7, almost twice of PGA/HAp composites, suggesting that these PLGA/HAp composites had suitably bioactive surfaces. After immersion in PBS, the pH value of PLGA80/HAp was even over 7.0, which was beneficial to relieve the inflammatory reaction that plants may cause after degradation.
Beside hydroxyapatite, bioactive glass particles such as Bioglass 45S5 [64] also have attracted much attention due to the great importance of controlling degradation rate of PLA composites used as bone fixation devices, which can be affected by crystallinity, molecular weight, size, and shape of the specimens. Many researches ascertain that the existence of bioactive glass facilitates the degradation of polymers and there will be an initial sharp weight loss due to the dissolution of the bioglass [65, 66] . When the bioglass comes into contact with human body fluids, the local environment turns alkaline gradually along with the salting-out of bioglass, just to be able to neutralize lactic acid and slow down the degradation rate of polymers. In general, almost all the studies show a close relationship between bioglass and the degradation of polymer matrix; that is to say, the loss of molecular weight is related not only to autocatalytic degradation, but also to bioglass dissolution itself. Vergnol et al. [67] combined PLLA with Bioglass 45S5 particles and in vitro cell viability testing together with in vivo experiment on rabbits was conducted. Results suggested that the existence of bioglass in composites really accelerated the degradation of polymer and a bioglass proportion of 30 wt% seemed to be able to promote bone osseointegration especially during the first month of implantation. A white line representing the formation of new bone surrounding the implants can be clearly observed on X-ray tomography and 3D picture after one month ( Figure 2 ). All these results indicated that this composite with 30 wt% of bioglass particles had thus strong potential for health applications.
Bone allograft owns good osteoconduction and osteoinduction, whose chemical components resemble bone autograft, but its clinic application has been limited because of its difficulty of shaping, poor porosity, and bad degradation behavior. Demineralized bone matrix (DBM) emerges in this situation; the collagen and osteoinductive growth factors which it contains really do good for bone regeneration. DBM formulations are various in market, such as granules, powder, gel, putty, and paste, only depending on the manufacturing method. However, the mechanical properties and porosity of DMB are relatively poor, no matter which formulation [68] . Zhang et al. [45] prepared porous PLA/DBM composite biomaterials by supercritical CO 2 technique, which is a new preparation method, especially suitable for the processing of bioactive materials containing growth factors. Results showed that the mechanical properties of composites are significantly improved. Compared with pure PLA and bone autograft, the repairing effect of PLA/DBM composite to bone is better than PLA and is almost the same as bone autograft, reflected from the X-ray result and histological analysis. Finally the feasibility for PLA/DBM to repair bone defects was put forward by the author.
In the field of bone substitute and repair, the degradation rate, degradation products, mechanical property, and bioactivity of the implant materials must be taken into consideration. These properties of PLA or PLGA will be improved with tricalcium phosphate nanoparticles, hydroxyapatite, bioglass, or demineralized bone matrix added to it. The proportion of these fillers also have sensitive influence on the properties of PLA based nanocomposites.
Tissue Engineering
Tissue engineering, which focuses on the formation and regeneration of tissues and organs, is now an emerging area in human healthcare area. It has facilitated numerous humans due to the long-term dedication to the structure, function, and growth mechanism of biological tissues against the background of cellular biology and bioengineering development. Scaffolds, as the carriers of cell adhesion and growth, play a decisive role in tissue engineering and have been used in many branches, such as bone regeneration [69] , blood vessel [70] , and neural system [71] . Ideal scaffolds should not only have suitable construction beneficial to cells growing but also have excellent biofunctionality because the behavior of cells can be easily influenced by the local environment, including some biochemical and mechanical cues [72] .
PLA materials are widely used as scaffolds due to its good biocompatibility. The different efficacy aligned and random PLLA nano/microfibrous scaffolds have for neural tissue engineering has been compared [71] . Results showed that neural stem cells (NSC) and its neurite outgrowth had tendency to elongate in the direction parallel to PLLA fibers for aligned scaffolds and there seemed to be no relation between cell differentiation rate and fiber arrangement, while nanofibers exhibited better differentiation performance compared with microfibers, indicating the great potential aligned nanofibrous PLLA scaffold has for neural tissue engineering. Many other biomaterials such as collagen and graphene oxide are gradually introduced to polymerize with PLA or PLGA in order to obtain optimized scaffold structures. Qiao et al. [69] blended type I collagen with PDLLA and finally found that when type I collagen occupied a proportion of 40% in the scaffolds, PDLLA/collagen scaffolds showed greatest stability, cell proliferation, and osteogenic differentiation after five-week cultivation. As is shown in Figures 3(a) and 3(b) , PDL60/Col and PDL60/Gel scaffolds have the same size of 500-1000 nm in diameter. However, in Figures 3(c), 3(d) , and 3(e), the number of cells attached to PDL60/Col scaffolds is obviously greater than those attached to PDL60/Gel scaffolds. Moreover, cells on PDL60/Gel scaffolds are spherical in shape while cells on PDL60/Col scaffolds are flat, which also indicates better cell adhesion property of PDL60/Col scaffolds compared with PDL60/Gel scaffolds.
Shin et al. [72] successfully fabricated hybrid fiber matrices GO-PLGA-Col composed of PLGA and collagen (Col) impregnated with GO via an electrospinning technique. Component analysis suggested a well-proportioned distribution of GO all over the GO-PLGA-Col matrices. The hydrophilicity of the matrices was extensively increased only even though a small amount of Col and GO was added. Results also showed that these hybrid matrices helped induce spontaneous myogenesis which made it the appropriate candidate for skeletal tissue engineering.
Electrospinning process was well utilized in the researches mentioned above [69, 71, 72] and electrospinning is indeed an effective way to prepare scaffolds due to its numerous superiorities such as mass production capability and high surface areas of scaffolds. However, there are many other methods including solvent casting/particulate leaching [73] , phase separation [74] , emulsion freeze-drying [75] , gas formation [76] , and fiber bonding [77] . Ziabari et al. [77] successfully fabricated PLGA scaffolds with demineralized bone particle (DBP) via the solvent casting/salt leaching method. Cell growth and gene expression of smooth muscle cells (SMCs) were upregulated with DBP in PLGA scaffold. Ardjomandi et al. [78] prepared a series of coatings of -tricalcium phosphate scaffolds through dip-and-dry coating and then angularity and topography of the developed scaffolds were analyzed. In the long term, it is really difficult to control and design the pore size and interconnectivity of scaffold [79, 80] . What is worse, the organic solvents used may cause some damage to cells or tissues [79] . The appearance of a new method called 3D printing based on computer-aided design (CAD) can perfectly solve this intractable problem and it has led to a revolution in manufacturing industry. Shim et al. [81] recently creatively prepared a resorbable semi-dome-shaped polycaprolactone (PCL)/PLGA/ -TCP membrane through a 3D printing system (Figure 4) , with both rapid degradation rate of PLGA and high elasticity of PCL taken into consideration. In vitro mechanical and cytology test, in vivo preclinical implanting experiment, and a comparison with a titanium membrane were all conducted. When bone regeneration experiment was performed on oral bone defects, results showed the PCL/PLGA/ -TCP membrane had almost similar properties to those nonresorbable and commonly used titanium mesh membrane, such as osseointegration and the ability to form new bone around the implants. This 3D printing technique coordinating with this biomaterial provided a new choice for tissue engineering field.
Novel ideas and structures of scaffolds are emerging endlessly and have achieved considerable research achievements. Davachi et al. [82] melt-mixed a high-molecularweight PLLA and 30% encapsulated triclosan with a lowmolecular-weight PLLA (LATC30) in different proportions. Results showed that PLA3 (with 5% LATC30) was opted to be the most suitable candidate for bone tissue engineering, which was mainly because the encapsulation of triclosan had reduced its negative effect near the tissue environment. Besides, P(LA-co-CL) copolymer with a star shape has attracted public attention. Shafiq et al. [83] recently mixed P(LA-co-CL) and substance P(SP-) conjugated star-shaped P(LA-co-CL) copolymers in appropriate ratios and then fabricated nonwoven meshes via electrospinning. Meshes containing P(LA-co-CL) and SP were then set subcutaneously in Sprague-Dawley rats. Cellularization of P(LAco-CL) as well as SP-containing meshes was revealed when proceeding hematoxylin and eosin staining test. A large amount of mature blood vessels was later observed in SPcontaining meshes compared with their control counterparts, further proving the possibility that these novel scaffolds have to be applied in tissue regeneration of soft tissues.
In general, great efforts have been made to increase cell adhesion and cell proliferation on the surface of scaffolds in the field of tissue engineering. Different kinds of collagen and other additives have also been added to increase the surfactivity of PLA or PLGA. In this field, technologies of tissue regeneration turn out to be mature while the feasibility of PLA based nanocomposites being used in blood vessel and neural system needs to be further demonstrated through plentiful experiments, which might be the new future direction of PLA based nanocomposites as well.
Drug Delivery System
Conventional drug formulations usually suffer the drawback of uncontrollable therapeutic drug level in human body so that good curative effect cannot be guaranteed. Patients have to take medicine several times a day in order to maintain a certain drug level, which has undesirable side effects and is also a burden mentally. Drug delivery system is therefore a pivotal link in drug therapy [84] [85] [86] , which aims to maintain a sustained blood drug concentration by delivering the drug to the microenvironment in a good time and at a certain rate gradually, meanwhile avoiding the decomposition of drugs [87, 88] . More importantly, it can be acted on a targeted area of human body. The primary characteristics of this system include biodegradability, biocompatibility, nontoxicity, prolonged circulation, and a wide payload spectrum of a therapeutic agent [89] . Nowadays, nanoparticles of biodegradable polymers are extensively used to improve the therapeutic effect of various water soluble or water insoluble drugs. The presence of those nanoparticles helps to improve bioavailability, solubility, and retention time of the drugs in human bodies and further bioactive molecules are also expected [90, 91] . All the biodegradable polymer nanoparticles can be approximately divided into two categories, one is nanocapsule and the other is nanosphere [92] . The drug molecules exist inside the polymer or absorbed on the surface.
Polylactic acid (PLA) has been mostly exploited to prepare biodegradable nanoparticles by solvent evaporation, solvent displacement [93] , salting-out [94] , and solvent diffusion. As a result, these drug carriers represent a marvelous efficacy in the encapsulation of psychotic drugs (savoxepine) [95] , restenosis drugs (tyrphostins) [96] , hormones (progesterone) [97] , oridonin [98] , and protein (BSA) [99] as well as enhance the used ratio of drugs and alleviate the damage to liver and kidney. Extra drug delivery may occur due to the looser structure when PLA degrades gradually with the extension of retention time, perfectly compensating the less drug delivery arising from the decrease of total drug dose so that a sustained drug delivery system forms.
Besides single polylactic acid carrier, abundant copolymers of PLA have also been put into research. Sánchez et al. [100] found that polymerized PLA/TCP carrier can release 60% of the gentamicin in the first week and the retention time can reach 4 weeks. As for developing nanoparticles encapsulating therapeutic drugs in controlled releasing field, PLGA and its various derivatives stand out among all the copolymers and have been the center focus [101] [102] [103] . Ueng et al. [104, 105] concluded that polymerized poly(DL-lactide co-glycolide) nanosphere is an ideal drugloaded material. Govender et al. [101] incorporated procaine hydrochloride into PLGA nanoparticles by nanoprecipitation and found that drug incorporation efficiency can be adjusted by changing pH value of aqueous phase, replacing procaine hydrochloride with procaine dihydrate or adding excipients without size to further influence the drug delivery efficiency.
Numerous block copolymers consisting of PLGA alternating with hydrophilic moieties like poly(ethylene oxide) (PEO) or poly(ethyleneglycol) (PEG) [106] [107] [108] also have been synthesized. Recently, Khodaverdi et al. [109] managed to prepare thermosensitive PLGA-PEG-PLGA triblock copolymers as in situ gelling matrices and in vitro drug release studies showed that it was molecular weight that decided drug release rate, copolymers concentration, and their microstructures in formulations. The authors also highlighted that PLGA-PEG-PLGA with a lactide-to-glycolide International Journal of Polymer Science 7 ratio of 5 : 1 is the optimal system for long-acting controlled release of naltrexone hydrochloride and vitamin B12.
Other biomedical materials, such as fibrin [110] , collagen sponge [111] , chitosan [112] , and bone matrix gelatin (BMG) [113] , are also applied to drug carriers due to their excellent bioabsorbability and degradation behavior. Lal and Datta [114] recently developed montmorillonite-(Mt-) PLGA nanocomposites by w/o/w double emulsion solvent evaporation method as sustained release oral delivery vehicle for atenolol (ATN). For Mt-ATN-PLGA nanocomposites (ATN-03 and ATN-05), the release of the drug in simulated gastric fluid in the initial 0.5 h was 1.6% and 4%, respectively, far less than 32% of ATN-PLGA nanoparticles. In addition, cumulative release of Mt-ATN-PLGA nanocomposites reached only 70.4% and 72.4%, respectively, in 24 h while cumulative release of ATN-PLGA nanoparticles approached to 100% over a period of 12 h. Experiments conducted in simulated intestinal fluid also showed the same advantage that Mt-ATN-PLGA nanocomposites had in prolonging the gastric residence time of ATN, further indicating possibility of designing the sustained release formulations with improved bioavailability and patient compliance.
However, it still remains a challenge to prepare and store the drug and when PLGA degrades, the surrounding acid environment has a negative effect on protein stability [115] . Constant degradation results in accumulation of acidic monomers; lactic and glycolic acids may occur inside the drug delivery device after constant degradation; then the pH value of the microenvironment surrounded may reduce and the encapsulated proteins may get easy to denature [116] . To overcome these drawbacks of PLGA, great efforts and large investigations have to be conducted further.
Conclusion
Polylactic acid is a degradable and nontoxic polymer, which has been widely used as bone substitute and repair material or used in tissue engineering and drug releasing field. However, the application of pure PLA materials is greatly limited due to the accurate and high requirements for material properties. When evaluating PLA materials used in bone regeneration, degradation rate, degradation products, mechanical property, and bioactivity of the implant materials are decisive. As for tissue engineering, researchers paid more attention to how to increase cell adhesion and proliferation ratio of cells on material surfaces. PLA materials are usually prepared porous when applied in drug delivery system, where it is of great importance to control releasing rate, releasing time, and pH value of the microenvironment surrounded. Common nanoparticles, such as hydroxyapatite, bioactive glass particles, collagen, and graphene oxide, usually own excellent biocompatibility and other functional properties. Once recombined with PLA or the copolymer of PLA, the nanocomposites are expected to greatly expand the application areas of PLA materials.
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